ABSTRACT To date, the applications of photoplethysmograms in the estimation of cuff-less blood pressure, arteriosclerosis, and so on have been studied. Photoplethysmogram waveform features have often been used to estimate the target volumes. For these estimations, it is necessary to acquire photoplethysmogram waveforms and changes in their derivative waveform details, for which the photoplethysmograms measured at comparatively high sampling rates have been used. The performance of smartphone cameras and wearable photoplethysmogram sensors has improved; with regard to mobile health technology, photoplethysmograms measured at lower sampling rates offer considerable advantages. These include lower computational resources, compression of accumulated data, and lower sensor power consumption. However, compared to photoplethysmograms measured at a high sampling rate, photoplethysmogram measurement at a low sampling rate will result in waveform signal degradation. This paper investigates the possibility of using photoplethysmograms measured at a low sampling rate. To this end, we statistically compared photoplethysmogram waveform features obtained from 63 male subjects free of circulatory diseases, at a sampling rate of 240 Hz, with waveform features obtained at low sampling rates (120, 60, 30, 20 , and 10 Hz) through downsampling, and evaluated possible commercial use.
I. INTRODUCTION
According to a WHO report, approximately 70% of worldwide deaths in 2015 are estimated to be due to lifestyle diseases [1] . Generally, lifestyle diseases take time to progress and are ultimately linked, in many cases, to serious illnesses, such as cerebral stroke and myocardial infarction. Daily monitoring of physical and mental health is expected to lead to an awareness of health and an improvement in lifestyle habits. Mobile devices such as smartphones and smart watches have been increasingly used in improving physical and mental health. Health management technology using these types of mobile devices is known as ''mobile health,'' and the development of health apps for smartphones has received considerable attention [2] - [5] .
Mobile devices used for mobile health enable various types of biodata to be obtained [6] , [7] . The biodata acquired using mobile devices is useful for the user's own health management; in addition, this biodata aggregated from many users can be obtained as big data [8] , [9] . Of the biological
The associate editor coordinating the review of this manuscript and approving it for publication was Filbert Juwono. signals obtainable from mobile devices, photoplethysmograms (PPGs) are particularly easy to use. PPGs are signals of blood volume changes near the body's surface measured by camera and light sensors such as photodiodes [10] , [11] . The degrees of freedom in the measured regions are high, since PPGs can acquire data from the face, fingertips, and wrists. They can also be used in physical and mental health assessments, since they include information on circulatory and autonomic nerve functions. Autonomic nerve evaluations derived from heartbeat measurement and heart rate variability (HRV) are examples of PPG use with mobile devices [12] - [14] . These measurements are used for electrocardiogram (ECG) RR intervals and correlated pulse intervals (PI) [15] , [16] . PI consist of valley-to-valley intervals of PPGs, determined without the need for detailed PPG waveform shapes in a single pulse. It is possible to stably acquire HRV features using PI from PPGs at relatively low sampling rates [17] .
PPGs are not used only for heart rate measurement; owing to recent popularity of mobile health, PPGs have been used in evaluations of circulatory health. Research into arterial stiffness has reported on age, vasoactive drugs, diseases such as arteriosclerosis and diabetes, and changes in PPG waveforms [18] . Moreover, substantial research is being conducted on cuff-less blood pressure estimation using PPG waveform features [2] , [19] , [20] . To obtain detailed features from PPG waveforms, these research efforts used a dedicated sensor at a comparatively high sampling rate for PPG measurement.
On the other hand, in the mobile health field, there are several advantages to conducting PPG measurement at low sampling rates, such as reduced power consumption and computational resources. In addition, when collecting PPG big data, if the transmitted PPG data volume is limited, communication traffic will be reduced and database storage saved. However, since a reduced sampling rate may result in degraded PPG signals, the sampling rate should be lowered only to a level that does not affect the purpose of use. From the same perspective, while research exists on the effect of a lowered sampling rate on HRV [17] , to the authors' knowledge, studies on the effect of a lower sampling rate on PPG waveform features used in the evaluation of circulatory functions have not been conducted to date. Therefore, this study investigated the influence of lower sampling rates on PPG features used in evaluating circulatory functions.
II. WAVEFORM FEATURES
Here, we explain the conventional relationship between PPG waveform features and various circulatory functions. To date, PPG waveform shapes have been quantified and various PPG waveform features proposed to evaluate targeted circulatory functions [21] . Evaluation of circulatory functions was possible through a detailed understanding of morphological changes in PPG waveform features. When abstracting PPG waveform changes, in order to clarify the PPG's inflexion and zero-crossing points, first and second derivative PPG waveforms are often used. These two derivative PPGs are known as FDPPG and SDPPG. However, research on FDPPG's waveform features is limited [21] compared to that on PPG's and SDPPG's waveform features. This study investigates features abstracted from PPG and SDPPG waveforms.
A. PPG WAVEFORM FEATURES
In general, PPG signals are decomposed into DC and AC components ( Fig. 1(a) ). It has been frequently reported that PPG's DC components reflect the subject's respiratory cycle [11] . The AC components carry pulse periodicity, including much data reflecting the status of the circulatory organs. Generally, a single-pulse PPG waveform characteristically consists of three peaks and valleys. These are called the systolic peak, dicrotic notch, and diastolic peak (Fig. 2) . There are many cases of PPG waveform features using these values. The PPG waveform features used in this study are listed in Table 1 . These features are often used in PPG applied research. However, we recommend consulting reference material for the detailed, physiological significance of these features.
Systolic peak, dicrotic notch, and diastolic peak are needed for acquisition of the many PPG waveform features listed in Table 1 . However, very often, for PPG waveforms, data except for that of the systolic peak is unclear. There are many cases, in particular, of the dicrotic notch and diastolic peak dissipating due to the effects of ageing and other factors. Derivative PPG is used to determine the dicrotic notch and diastolic peak in these PPG waveforms. An example is shown in Fig. 2 where the rise and fall of SDPPG is used to determine these data.
B. SDPPG WAVEFORM FEATURES
SDPPG waveforms have clear peaks and troughs, unlike PPG waveforms. In general, SDPPG waveforms have five characteristic peaks and valleys (Fig. 4) . Their relationship to the various circulatory functions has been widely researched. In order of precedence, these five peaks and valleys are known, within a single-pulse SDPPG waveform, as a, b, c, d and e. The most basic method to characterize these is to measure the height of each wave, except a, from the baseline, and calculate a height ratio for each wave against wave a. Table 2 shows the height ratios used in this paper (b/a, c/a, d/a and e/a).
III. MATERIALS AND METHODS

A. PPG MEASUREMENT
The PPG sensor used in this experiment comprised of a red light source (wavelength: 660 nm) and a photodiode. Two-minute PPG measurements were taken using a 16-bit A/D converter at a 240 Hz sampling rate. Sixty-three males aged 38.6 ± 12.2 and with no history of circulatory disease participated in this experiment. We obtained the approval of the Ethics Committee at the Kanai Hospital and consent from the subjects (after explaining the experimental objectives and methods to them) and proceeded with measurement.
The procedure involved PPG measurements from the tip of the left-hand index finger at 20 • C, room temperature, with each subject in the seated position after 5 min of rest. For PPG signal filtering, first a 16-order FIR low-pass filter with a cutoff frequency of 10 Hz was used. Then, a movingaverage low-pass filter with the same cutoff frequency was used.
Low sampling rate PPG signals were acquired by downsampling from a PPG signal measured at 240 Hz. For low sampling rates, frequencies of 120 Hz, 60 Hz, 30 Hz, 20 Hz, and 10 Hz were selected. Here, we explain the downsampling method used in this study. First, the downsampling point interval d is determined using a low sampling rate, f low .
Taking as candidates the start points of PPG downsampled at point d from the start point of the PPG measured at 240 Hz, the start points of downsampled PPG were randomly selected. Each of these start points were sampled at point d to obtain the respective low sampling-rate signals. Low sampling rate PPG signals were thus obtained via PPG signal downsampling VOLUME 7, 2019 subjected to secondary derivation, and low sampling rate SDPPG signals were acquired. Multiple pulses were contained in a single PPG record (2-min measurement), and features were abstracted from each pulse. To obtain highly reliable waveform features for each subject, their records were individually characterized as the average of features obtained from all PPG and SDPPG pulses per record. This average is calculated using the following formula when K individual features are acquired from a record created at the f s Hz sampling rate.
When features for individual pulses were lost within the record, they were averaged for pulses without feature loss.
B. EVALUATION OF PPG FEATURE FLUCTUATION DUE TO LOW SAMPLING RATE
The sampling rate used in this study for PPG measurement was 240 Hz. Taking the abstracted features as reference, we confirmed the fluctuation in waveform features at a low sampling rate. With features acquired at 240 Hz as the reference points, the rate of feature change at low sampling rates is calculated as follows:
variation of average f s % = average fs − average 240 average 240 ×100
In addition, to confirm whether or not waveform feature statistical specificity is maintained, we analyzed the box plots for each feature.
IV. RESULTS
The rate of change of features at each low sampling rate, with 240 Hz as the reference point, is shown in Table 3 . All features are shown in box plots in Fig. 5 . Much of the past research on PPG and SDPPG waveform features used a sampling rate of 100 Hz or higher. The results of this study show that, for any feature, there is little fluctuation in features when the sampling rate is changed from 240 Hz to 120 Hz. Table 3 shows high fluctuation rates for conditions when c/a and e/a exceed 100%. This could be because c/a and e/a tend to zero. The box plots of these features for 120 Hz show that there is no major change in statistical properties at this sampling rate. Even at 60 Hz, the same tendency is observed. At a 30 Hz sampling rate, most features fluctuate considerably, but CT, PI, and b/a variations are small. Because PI is calculated according to the inter-pulse valleys of a PPG waveform, it stabilizes and can be acquired. CT similarly stabilizes and is acquirable because it is calculated according to the inter-pulse valleys of a PPG waveform and the systolic peak. Additionally, since the SDPPG b wave is distinct, b/a also stabilizes and is acquirable. At 20 Hz and 10 Hz sampling rates, almost all features fluctuate considerably, but PI is stable.
V. CONCLUSION
In this study, features acquired from PPG measurement at 240 Hz and the fluctuation of features at low sampling rates of 120 Hz, 60 Hz, 30 Hz, 20 Hz, and 10 Hz. The nine feature types dealt considered in this study showed little fluctuation even down at a sampling rate of 60 Hz; these can therefore be considered commercially usable. However, at a sampling rate lower than 30 Hz, only some features can be considered commercially usable.
For future research using PPG waveform features and their targeted applications (heart rate measurement, blood pressure estimation, and vascular status estimation), the results will enable selection of an appropriate sampling rate for the selection of useful PPG waveform features.
As a research restraint, we mention here the use of a smartphone camera for PPG measurement. In this study, a 16-bit resolution PPG sensor was used to generate PPG signals, and not from a smartphone camera. If a smartphone camera is used for PPG measurement, the change in the luminance upon use of an 8-bit resolution camera sensor will be apparent in the obtained PPG signals, and there will be a need to consider the effect of reduced resolution on waveform features and differences in light color.
